Replication of HIV-1 in primary human T lymphocytes is tightly coupled to their activation state. Whereas HIV-1 undergoes early replication events in quiescent CD4 ϩ T lymphocytes, subsequent steps in the viral life cycle require cell activation. 1 T lymphocyte activation is primarily governed by signaling through the TCR complex after engagement in a tight contact with APCs; this is referred to as the immunological synapse (IS).
Introduction
Replication of HIV-1 in primary human T lymphocytes is tightly coupled to their activation state. Whereas HIV-1 undergoes early replication events in quiescent CD4 ϩ T lymphocytes, subsequent steps in the viral life cycle require cell activation. 1 T lymphocyte activation is primarily governed by signaling through the TCR complex after engagement in a tight contact with APCs; this is referred to as the immunological synapse (IS).
TCR engagement by specific MHC-presented peptides launches highly dynamic and coordinated transport events that recruit specific factors to the IS and exclude others from it. This signal initiation triggers a broad cascade of downstream signaling that include dynamic F-actin remodeling at the IS, tyrosine phosphorylation, release of calcium flux, and activation of transcription. These events increase production of the T-cell survival cytokine IL-2 and are coordinated by the TCR proximal tyrosine kinase Lck, a master switch of TCR signaling. Immediately after TCR engagement, active Lck is recruited to the IS. [2] [3] [4] Whereas signal diversification and enhancement occur at the plasma membrane (PM), subsequent TCR signaling is compartmentalized and also occurs at intracellular membranes. An important intracellular arm of the TCR response is regulated by the N-Ras GTPase that is activated at Golgi membranes downstream of Lck. [5] [6] [7] [8] [9] T-cell activation is thought to be beneficial to HIV-1 because it allows transcriptional activation of latent provirus and progression of the life cycle. However, activation-induced cell death after TCR engagement runs the risk of limiting the lifespan of productively infected cells and thus the amount of viral progeny produced.
Consequently, HIV-1 encodes gene products such as Nef to fine-tune the activation states of infected T lymphocytes. 10, 11 Nef is a 25-to 34-kDa myristoylated accessory protein encoded by HIV-1, HIV-2, and SIV. Ex vivo, Nef enhances the single-round infectivity of virus particles and moderately accelerates virus spread over multiple rounds. 12 In vivo, Nef strongly boosts virus replication, particularly during primary infection, when the presence of Nef can elevate virus titers by more than 2 logs, and is critical for rapid disease progression. [13] [14] [15] This role of Nef as a pathogenicity factor is also revealed in transgenic mice, in which Nef expression induces AIDS-like depletion of CD4 ϩ T lymphocytes. 16 Delineating the mechanisms of Nef action has been hampered by the multitude of interactions with host T-cell proteins suggested to modulate various intracellular transport and signaling pathways. 17, 18 This includes modulating exposure of cell-surface receptors such as MHC-I and II, CD4, and chemokine receptors to evade immune recognition and to prevent superinfection of infected cells, respectively (reviewed in Laguette et al 12 ). In addition, Nef affects the basal states of T-cell activation and the responsiveness of T lymphocytes to TCR signaling. [19] [20] [21] [22] Initial studies with overexpression strategies in cell lines reached contradicting conclusions about the effects of Nef on TCR signaling. More recent work with viral infection and/or primary target T cells revealed that Nef moderately enhances distal responses to exogenous TCR stimulation by mitogens or anti-TCR Abs. 11, [23] [24] [25] [26] [27] [28] [29] In contrast to HIV-1 Nef, HIV-2 Nef and most SIV Nef The online version of this article contains a data supplement.
The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734.
proteins down-modulate TCR-CD3 cell-surface levels to induce a significantly more potent block to TCR signaling, and this is partially correlated with a lack of pathogenesis in the natural host. Therefore, facilitation of T-cell activation by Nef is thought to contribute to its role as a pathogenesis factor. 11, 30 In sharp contradiction to such elevated T-cell activation, Nef severely impairs the formation and organization of IS structures between Nef-expressing T lymphocytes and APCs by reducing the frequency of IS formation, blocking F-actin polarization at cell-cell contacts, and inducing mislocalization of the TCR itself and its effector kinase, Lck. 23, [30] [31] [32] [33] [34] These morphological alterations at the IS were accompanied by interference with early TCR signaling, such as induction of tyrosine phosphorylation. [32] [33] [34] How HIV-1 Nef induces this paradox scenario of enhanced downstream TCR signaling on disruption of signal initiation is unclear. Effects of Nef on TCR-induced actin remodeling involve its association with the cellular kinase Pak2; however, this does not account for the Nef-mediated mislocalization of Lck. 31, 33, 35 Nef also affects Lck localization independently of the changes induced to the intracellular transport of the Lck-binding partner CD4. 34 Relocalization by Nef results in pronounced retargeting of Lck from the PM to a perinuclear membrane compartment positive for transferrin receptor (TfR). 34 These effects are readily observed in virally infected primary T lymphocytes, and Nef is sufficient to induce rerouting of Lck. 30, 31, 33, 34 In the present study, we sought to determine whether, in addition to removing the kinase from the IS, rerouting of Lck by HIV-1 Nef is actively involved in shaping TCR signaling responses of infected T lymphocytes.
Methods

IS formation
IS formation between Staphylococcus aureus entertoxin E (SEE; Toxin Technology)-pulsed Raji B cells and Jurkat T cells or PBLs was induced as described previously. 33 Briefly, Raji B cells were stained with CellTracker Blue CMAC (Molecular Probes) and incubated with SEE (10 ng/mL) in 0.5% FCS-RPMI GlutaMAX-I for 1 hour. For IS formation, SEE-pulsed Raji B cells were mixed at a 1:1 ratio with Jurkat T lymphocytes or PBLs in 0.5% FCS-RPMI GlutaMAX-I, centrifuged at low speed (Յ 50g) for 2 minutes (PBLs) or 5 minutes (Jurkat T lymphocytes) at room temperature and then incubated at 37°C for 10 minutes.
Virus production, infection, and replication
Generation of virus stocks by transfection of HEK293T cells with proviral plasmids, and isolation, activation, and HIV-1 infection of PBLs was carried out as described previously. 32 On day 3 after infection, cells were used for IS formation.
For assaying virus replication, 2 ϫ 10 6 freshly isolated PBMCs were infected directly with 300 ng of virus and cultured in the absence of IL-2. Forty-eight hours after infection, PBMCs were mixed with 7 ϫ 10 5 Raji B cells pulsed or unpulsed with SEE. Supernatants were collected every 2 days and virus production was quantified by p24 ELISA.
For additional details on methods, please see supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Image acquisition
For details regarding image acquistion, please see supplemental Methods.
Results
Nef causes accumulation of Lck at recycling endosomes and the TGN
We first characterized the effects Nef exerts on Lck localization. In the absence of Nef, the majority of endogenous Lck localized to the inner leaflet of the PM of Jurkat T lymphocytes, but subpopulations also resided in an intracellular membrane compartment distinct from the PM (henceforth referred to as intracellular) and diffusely distributed throughout the cytoplasm. As reported previously, 31, 33, 34 the expression of Nef of the HIV-1 strain SF2 fused to green fluorescent protein (Nef.GFP, a functional analog of nonfusion Nef) caused a pronounced retargeting of Lck away from the PM into large intracellular structures ( Figure 1A-B) . Examining the magnitude (ie, the relative amount of total Lck per cell in intracellular accumulations, see supplemental Figure 1A ) we found that Nef caused an almost 10-fold enrichment of Lck at this intracellular compartment at the single-cell level (8% Ϯ 6.1% vs 76.6% Ϯ 2.7% of total Lck per cell in intracellular accumulation in the absence or presence of Nef, respectively; Figure 1C ). Frequency analysis (ie, the percentage of cells that displayed obvious intracellular accumulation of Lck) revealed that this retargeting occurred in more than 65% of Nef-expressing cells ( Figure 1G ). Similar results were obtained using ectopically expressed Lck (data not shown).
To identify the compartment that Lck associates with in the presence of Nef, we examined the colocalization of Lck with endogenous or ectopically expressed subcellular markers by confocal microscopy in Jurkat T lymphocytes ( Figure 1D ). Lck showed no association with markers of the endoplasmic reticulum (PDI), the Golgi apparatus (GalT.CFP), or lysosomes (LAMP1.GFP), whereas at intracellular membranes, Lck partially colocalized with the early endosome (EE) and recycling endosome (RE) markers EEA1, Rab11.GFP, and TfR, both with and without Nef.GFP. Nef expression did not affect the extent of colocalization with TfR ( Figure 1E ), but appeared to cause expansion of the TfR-positive compartment. Nef expression induced a strong colocalization of Lck with TGN38.GFP at the trans-Golgi network (TGN) that was not detected in the absence of Nef ( Figure 1D -E). Immune-electron microscopy of CHO cells expressing Nef.GFP and Lck.RFP confirmed that Nef caused a pronounced depletion of Lck from the PM and an enrichment of the kinase in intracellular vesicles that resembled EE-, RE-, or TGN-associated vesicles (supplemental Figure 2) . Therefore, Nef induces retargeting of Lck away from the PM to REs and, most prominently, to the TGN. (mutant AxxA in Figure 1G and supplemental Figure 3A ). Two Nef alleles (from isolates HIV-1 8161K9 and HIV-2 Ben) that display reduced ability for RE/TGN retargeting of Lck 33 were also partially inactive in inhibiting IS recruitment of Lck. Overall, the ability of Nef to target Lck to RE/TGN was strongly correlated with the prevention of IS recruitment (P Ͻ .0001, R 2 ϭ 0.9138, supplemental Figure 3B ). These findings suggest that Nef-induced retargeting of Lck determines the reduction of its IS recruitment after TCR engagement.
Active Lck is potently targeted by Nef
Lck activity is subject to complex posttranslational regulation, primarily by phosphorylation. Whereas Lck is activated by autophosphorylation of Y394, phosphorylation at Y505 by Csk causes kinase inactivation. 37 However, Lck exists in several conformations with distinct activity states and accessibility to immunohistological detection by phosphospecific Abs. 4 Because p-Y505 is not detectable by immunohistology on Lck molecules in the inactive conformation, staining with the p-Y505-specific Ab detects only the dually phosphorylated active Lck species (designated p-Lck505&394). 4 Staining with Abs specific for phospho-Y394 detects both monophosphorylated p-Lck394 and dually phosphorylated p-Lck505&394 active Lck species. Quantitative Western blotting (in which protein denaturation overrides conformationdependent differences in protein detection) revealed that the overall ratio of each phosphorylated species versus total Lck (endogenous or Lck.GFP) was not significantly altered by coexpression of Nef.RFP in unstimulated T lymphocytes (Figure 2A-B) . Microscopy-based quantification of per-cell levels of total Lck, p-Lck505&394, and p-Lck394 confirmed that Nef did not markedly affect the overall activity of Lck in our experimental system ( Figure 2C ). Instead, Nef.GFP caused a pronounced subcellular redistribution of active Lck (p-Lck394 and p-Lck505&394) that resembled its effect on total Lck ( Figure 2D ): whereas present almost exclusively at the PM in the absence of Nef, both active Lck species were enriched at RE/TGN compartments in a manner that depended on the SH3-domain binding motif of Nef. The retargeting frequency of active Lck was in a similar range as that observed for total Lck ( Figure 2E ), and single-cell quantification of Lck distribution revealed that more than 50% of the total active Lck population per cell resided in the RE/TGN compartments in Nef-expressing cells ( Figure 2F ).
In agreement with the results obtained for total Lck, active Lck efficiently localized at T-cell/B-cell contacts in the presence of GFP or the Nef mutant AxxA.GFP, whereas coexpression of Nef.GFP resulted in RE/TGN targeting of the active kinase without recruitment to IS contacts ( Figure 3A ; frequency is shown in Figure 3B ). Pixel quantification revealed that almost 50% of active Lck per cell was recruited to IS contacts in the absence of Nef, whereas Nef expression efficiently prevented IS recruitment of the active kinase ( Figure 3C and supplemental Figures 1B and 4A-C). These results were confirmed in primary human T lymphocytes infected with HIV-1 IRES.GFP reporter viruses (supplemental Figure 4D -E for p-Lck394 and F-G for p-Lck505&394). T lymphocytes express Fyn as second major Src family kinase, with important roles in early TCR signaling, 38 and active p-Fyn528 was efficiently recruited to the T-cell/B-cell IS in GFP-or AxxA.GFP-expressing For personal use only. on November 15, 2017. by guest www.bloodjournal.org From control cells ( Figure 3D-F) . In contrast to its effects on Lck, Nef only slightly affected IS recruitment frequency and magnitude of Fyn and did not cause any appreciable retargeting to RE/TGN compartments. Effects of Nef on subcellular localization and IS recruitment of Src kinases are therefore selective for individual family members, and Nef-mediated rerouting of catalytically active Lck away from the PM generates a RE/TGN-associated pool of active, signaling competent Lck.
Nef induces formation of TGN-associated Ras signaling downstream of Lck
We next investigated whether Nef induces active intracellular signaling in the absence of exogenous stimulation. Whereas TCR proximal signaling typically occurs predominately at the PM, activation of N-Ras and mediation of downstream signaling in response to TCR stimulation can occur at intracellular membranes, including the Golgi. [6] [7] [8] [9] Because activation of N-Ras requires upstream activity of Lck, 39 we investigated whether retargeting of active Lck to RE/TGN compartments in the presence of Nef is sufficient to cause enrichment of active N-Ras at this subcellular site. In unstimulated Jurkat T lymphocytes, total CFP.N-Ras predominately localized to a small and well-defined intracellular compartment reminiscent of the distribution of the Golgi apparatus ( Figure 4A RFP) . In contrast, the presence of Nef.RFP, but not its AxxA mutant, caused a subtle but significant dispersion of N-Ras into a more diffuse cytoplasmic distribution ( Figure 4A Nef.RFP). This retargeted N-Ras pool partially colocalized with TGN markers (data not shown). Nef-mediated retargeting of N-Ras occurred in more than 70% of cells analyzed and was not impaired after pharmacologic inhibition of Lck activity with the Lck inhibitor Figure 4B ). Effects of Nef on the localization of N-Ras became more apparent when the GTPase-binding domain of cRaf-1 fused to GFP (RBD.GFP) was used as a biosensor for active, GTP-loaded Ras 7 ( Figure 4C ). Whereas RBD.GFP was distributed homogenously in the cytoplasm in the absence of Nef, expression of wild-type (WT), but not AxxA, Nef caused a marked accumulation of RBD.GFP to RE/TGN compartments, which is indicative of N-Ras activation in more than 70% of the cells analyzed ( Figure 4C-D) . The effect of Nef on N-Ras activation was abrogated in the presence of Lck inhibitor and thus depended on Lck activity ( Figure 4D ).
We next sought to validate this Nef-mediated retargeting of TCR signaling machinery by biochemical means. Flotation of total cellular membranes revealed that Nef did not affect the overall association of Lck with cellular membranes ( Figure 4E compare distribution of Lck.GFP between membrane and soluble fractions).
To differentiate between individual cellular membrane systems, we carried out fractionation experiments by discontinuous sucrose For personal use only. on November 15, 2017. by guest www.bloodjournal.org From density gradient centrifugation. 40 In these fractionations, the PM marker phospholipid scramblase-1 (PLSCR1) was detected in fractions 1 and 2 and clearly segregated from TGN46 and TfR, which spread over fractions 3-9 ( Figure 4F ). In GFP-expressing control cells, the majority of endogenous total Lck and p-Lck505 were associated with PM fractions, whereas active p-Lck394 was found to be evenly distributed between the PM and RE/TGN fractions. Consistent with our previous morphometric analysis, expression of Nef.GFP caused a partial shift of Lck and p-Lck505 to RE/TGN fractions and p-Lck394 was exclusively detected in these PM-free fractions. p-Fyn associated exclusively with PM fractions both in absence and presence of Nef. Consistent with our microscopy analysis, HA.N-Ras was efficiently shifted to RE/TGN fractions in Nef-expressing cells. These results demonstrate that Nef-mediated retargeting of active Lck is correlated with N-Ras activation at RE/TGN compartments.
Nef-induced retargeting of Lck sensitizes T lymphocytes for activation of Erk1/2
We next investigated whether the activity of Erk1/2 kinase, the best-characterized downstream effector of N-Ras in TCR signaling, [5] [6] [7] [8] [9] was activated by this Nef-induced intracellular signaling. Levels of active Erk1/2 (p-Erk1/2) were analyzed by microscopy in primary human T lymphocytes after infection with HIV-1 IRES-GFP reporter viruses in conjugation with SEE-pulsed Raji B cells ( Figure 5A-C) . Regardless of their infection status, unstimulated cells not engaged in an IS displayed low levels of p-Erk1/2, indicating that Nef-mediated intracellular accumulation of active Lck and N-Ras is not sufficient to trigger activation of Erk1/2. In contrast, IS engagement of T cells resulted in efficient activation of Erk1/2 in mock or HIV-1 WT-infected cells. Elevated p-Erk1/2 levels were much less apparent in T cells infected with HIV-1 ⌬Nef (Figure 5A right panel) . Quantification of cells from 2 independent donors revealed that elevated p-Erk1/2 levels were up to 2-fold more frequent in HIV-1 WT-than in ⌬Nef-infected cells ( Figure  5B ). Quantification of p-Erk1/2 signal intensities in individual cells revealed that Erk activation was approximately 3-fold higher in cells infected with WT relative to ⌬Nef HIV-1 ( Figure 5C ). We also assessed the impact of Nef on activation of Erk1/2 by Western blotting. Because the use of T-cell/B-cell conjugates for these bulk measurements does not distinguish between p-Erk1/2 levels in the T and B cells, soluble anti-CD3 Ab stimulation of primary human T lymphocytes after retroviral transduction for expression of GFP or Nef.GFP was used. Nef-mediated RE/TGN targeting of Lck was preserved under these conditions (data not shown). In GFPexpressing control cells, p-Erk1/2 was rapidly induced from low basal levels and remained elevated over the 20-minute observation period ( Figure 5D and E for quantification of p-Erk1/2 vs total Erk levels). Consistent with earlier results, 11,23-29 expression of Nef did not significantly alter basal p-Erk1/2 levels, but resulted in a more potent but transient increase of p-Erk1/2 at 10 minutes after stimulation. This Nef-mediated increase in p-Erk1/2 induction varied between cells from different donors and was not observed when cells displayed elevated basal p-Erk1/2 levels before stimulation (data not shown). Consistent with a recent study, 4 Lck activity was constantly present during these activation kinetics (p-Lck394). This activity was maintained and even slightly increased in the presence of Nef. Therefore, Nef induces RE/TGN recruitment of active N-Ras to increase the frequency and magnitude of p-Erk1/2 induction after antigenic or Ab-mediated stimulation in HIV-1-infected primary T lymphocytes.
Unc119 is limiting for Lck PM transport in the presence of Nef
We next sought to define T-cell components involved in Nefmediated interference with PM transport of Lck. Transport routes of Lck to the PM are incompletely characterized; however, the proteins SH3/SH2 ligand-uncoordinated 119 (Unc119) 41, 42 and MAL 43, 44 were implicated in this process and Unc119 is essential for Lck-dependent TCR signaling. 42 Because depletion of each of these factors causes Lck retargeting from the PM to intracellular membrane compartments in a manner similar to Nef, 41, 42 we attempted to overcome Nef-mediated Lck retargeting by ectopic expression of MAL or Unc119. Expression of these proteins alone did not affect cell viability, localization, or IS recruitment of total and active Lck or IS formation in general (supplemental Figure 5A 
Nef-Induced retargeting of Lck facilitates distal TCR signaling despite IS disorganization and facilitates HIV-1 replication
We next used ectopic expression of Unc119 as a tool to define the functional relevance of Nef-induced RE/TGN targeting of Lck in the context of TCR signaling in Jurkat T lymphocytes. As expected, 31, 32 total phosphotyrosine (p-Tyr) as a marker of early TCR signaling was potently reduced at the IS in the presence of Nef. Instead, Nef induced intracellular accumulation of p-Tyr species in a manner dependent on its SH3-domain-binding motif ( Figure 7A-B) . This block in p-Tyr localization to the IS by Nef was rescued by coexpression of Unc119, indicating that restoration of Lck IS recruitment overcomes the block imposed on early TCR signaling by HIV-1 Nef.
Most previous studies suggesting that HIV-1 Nef is a promoter of distal TCR signaling relied on mitogenic or Ab-mediated stimulation protocols. We therefore compared the response of Jurkat T lymphocytes with stimulation with phytohemagglutininor SEE-pulsed Raji B cells and determined the cell-surface levels of the T-cell activation markers CD25 and CD69 and intracellular levels of IL-2 (the latter of which is highly dependent on Ras/Erk activation) as markers for T-cell activation (supplemental Figure 6A ). Whereas CD69 cell-surface levels were induced to similar extents by both stimuli, surface expression of CD25 and IL-2 production were more potent with antigenic stimulation. Productive HIV-1 infection of control T lymphocytes expressing RFP did not significantly affect antigenic induction of CD69 and caused a slight but Nef-independent increase in surface expression of CD25 (supplemental Figure 6B-C) . We therefore focused on the production of IL-2 as assessed by intracellular flow cytometry ( Figure 7C ). Because dynamic actin remodeling and IS recruitment of Lck is essential for proximal and distal TCR signaling, 2 inhibition of these processes by HIV-1 Nef should strongly impair such T lymphocyte responses. Illustrating the requirement for F-actin integrity, IL-2 induction after TCR stimulation was more than 3-fold reduced after treatment with the actin-disrupting drug cytochalasin D ( Figure 7C compare ⌬Nef and cytochalasin D) . Despite the ability of Nef to disrupt early TCR-induced signaling and actin-remodeling events, infection with WT HIV-1 caused a moderate 1.6-fold increase rather than the expected significant decrease in IL-2 production. Therefore, in agreement with earlier studies, 28 Nef triggered a slight but significant increase in IL-2 production after antigenic stimulation. This Nef-dependent increase in IL-2 production was abrogated by expression of Unc119.RFP ( Figure 7C and supplemental Figure 6D ).
To assess whether Nef-mediated Lck-Ras-Erk signaling affects HIV-1 replication in primary human T lymphocytes, we generated a HIV-1 IRES-GFP provirus that coexpresses Nef and Unc119.GFP (supplemental Figure 7A) . Expression of Nef and Unc119.GFP was comparable to that of Nef and GFP from HIV-1 IRES-GFP WT, and the corresponding virions displayed similar relative infectivity (supplemental Figure 7B-C) . We first investigated whether coexpression of Unc119 affects Erk activation downstream of Lck and Ras, analysis. ***P Յ .001; **P Ͻ .005; *P Ͻ .05. (D) Primary CD4 ϩ T lymphocytes were lentivirally transduced for expression of GFP or Nef.GFP, stimulated with anti-CD3 Ab for the indicated times 48 hours after transduction, and cell lysates were analyzed by Western blotting for the detection of total (Erk1/2), active (p-Erk1/2) Erk, or active Lck (p-Lck394). Expression of GFP and Nef.GFP was analyzed with an anti-GFP Ab. (E) Quantification of p-Erk1/2 levels in the Western blot shown in panel D. The intensities of the bands were analyzed using Quantity One Version 4.6.5 software and are plotted as the ratio of p-Erk1/2 to total Erk1/2 levels. The value for the GFP control at t0 was arbitrarily set to 1, and all other values are plotted relative to this. and determined the frequency and magnitude of p-Erk1/2 induction in infected primary human T lymphocytes after antigenic stimulation ( Figure 7D -F and supplemental Figure 7D ). Coexpression of Unc119 fully prevented the Nef-mediated enhancement of pErk1/2 induction, but stimulated Erk activation in the absence of Nef. These results support the idea that Nef-mediated retargeting of Lck facilitates TCR-stimulated activation of Erk; they also show that overexpression of the transport factor can activate this pathway in the absence of Nef and that Nef appears to subvert this activity of Unc119, possibly reflecting an enhancement of Lck activity by Unc119. 42 Finally, we investigated the effect of Nef-induced signaling on HIV-1 replication. Because the effects of Nef on HIV-1 replication in T lymphocytes are most pronounced when stimulated after infection, unstimulated PBMCs were infected and maintained in the absence of IL-2. Two days after infection, cells were incubated with SEE-pulsed or SEE-unpulsed B cells, respectively, and virus replication was determined by the release of p24 into the cell culture supernatant (supplemental Figure 7G) . Reflecting the requirement of T-cell activation for propagation of HIV-1 in primary human T lymphocytes, no virus production was observed when B cells that were not SEE loaded were added to infected cultures ("unpulsed B cells"). Stimulation with SEE-pulsed Raji B cells triggered potent replication of HIV-1 IRES-GFP WT, whereas replication of HIV-1 IRES-GFP ⌬Nef was delayed ( Figure 7G for replication kinetics and Figure 7H for peak p24 production at day 8 after infection). Coexpression of Unc119 slowed down HIV-1 replication and, dependent on the donor, almost fully ( Figure 7G ) or partially (supplemental Figure 7F -G) abrogated the Nef-mediated enhancement of virus spread. Consistent with the results on Erk activation, coexpression of Unc119 increased virus replication in the context of HIV-1⌬Nef. These results reveal a correlation between Nef-mediated facilitation of Erk activation and HIV-1 replication in primary human T lymphocytes. We conclude that RE/TGN targeting of active Lck allows HIV-1 Nef to induce compartmentalization of TCR signaling and to shape TCR signal outputs. These effects contribute to the Nefmediated increase of HIV-1 replication in primary human T lymphocytes.
Discussion
The HIV-1 pathogenicity factor Nef disrupts IS recruitment of the TCR proximal kinase and signaling master switch Lck, thus interfering with TCR proximal events, yet does thereby not diminish but even moderately enhance TCR downstream signaling. In the present study, we found that Nef subverts host-cell vesicular transport to induce intracellular compartmentalization of TCR signaling to adjust TCR responses to antigenic stimulation. By potently retargeting PM-associated Lck pools, Nef induces a marked accumulation of kinase-active Lck in the RE and TGN compartments. This mechanism prevents IS recruitment of active Lck after TCR engagement, thus limiting the availability of Lck for TCR signaling at the PM. Instead, RE/TGN-targeted active Lck triggers intracellular signaling by recruiting active N-Ras to sensitize Erk signaling in response to TCR engagement. Coexpression of the Lck transport adaptor Unc119 prevents Nef-mediated RE/TGN targeting of Lck, restores IS recruitment of active Lck, and reverses the Nef-mediated enhancement of Erk activity and IL-2 production and virus replication in primary human T lymphocytes after antigenic stimulation. Induction of RE/TGN-associated Lck-Ras-Erk signaling allows Nef to ensure TCR distal signaling that is beneficial for HIV-1 even though IS organization, and thus TCR proximal signaling events, are impaired in the presence of the viral protein.
For modulation of cell-surface receptor levels, Nef is thought to physically interact with the cytoplasmic tail of the receptor, resulting in altered internalization and/or recycling rates. 12 With Hck in macrophages and Lck in T lymphocytes, Nef also affects the intracellular localization of peripheral membrane proteins. 34, 45 Extending the previous observation that Lck localizes to TfRpositive compartments, 34 our microscopy and biochemical analyses identified these intracellular compartments as the RE and the TGN, but not the Golgi apparatus. Lck is targeted to the PM before undergoing internalization from and recycling back to this predominant subcellular localization. 46 At which step Nef acts to affect the steady-state localization of the kinase is currently unclear, but the rescue of Lck PM transport on coexpression of Unc119 suggests that Nef might interfere with Lck trafficking by targeting the activity of Unc119. Physiologically, Unc119 serves as transport adaptor that interacts directly with Lck and, in complex with the GTPase Rab11, translocates the kinase from endosomal compartments to the PM. 41, 42 Rab11 has already been implicated in Nef-mediated manipulations of host-cell trafficking, 47 have specificity for Lck, indicating active and specific cargo selection in this pathway. Future studies will focus on the underlying molecular mechanisms and will use Nef as an important tool to decipher the hierarchy and cooperation between components of this PM transport route.
Addressing the functional consequences of Lck retargeting in the context of TCR signaling, we found that RE/TGN-targeted Lck is not accessible for IS recruitment and thus causes the severe reduction of Lck at sites of TCR engagement. Because these effects expand to kinase-active Lck populations and Lck is central for proximal TCR signaling, this mechanism should translate into profound defects on TCR output signals. However, Nef failed to suppress induction of T-cell activation markers after antigenic stimulation and even enhanced the IL-2 response of infected T lymphocytes. Because it leads to enrichment of active components of TCR signaling at the TGN, the Lck-retargeting mechanism resolves the paradox of Nef-mediated disruption of proximal and maintenance of distal TCR signaling in infected cells. Our results show that Nef, via the enrichment of active Lck at RE/TGN compartments, induces high local concentrations of active Ras that sensitize T lymphocytes for Erk signaling. Therefore, Nef exploits the regulation of this pathway by the subcellular localization of Lck activity to induce compartmentalization of TCR signaling 4, 36 and to uncouple downstream TCR signaling from the TCR itself, creating a shortcut for signal output.
Whereas active forms of Lck and N-Ras were efficiently assembled at the TGN by Nef in the absence of TCR activation, induction of Erk and production of IL-2 were only seen after TCR engagement. Because the Src kinase Fyn provides N-Ras with a costimulus required for activation of N-Ras and its downstream signaling, 38 and because its subcellular localization and IS recruitment were resistant to Nef, this responsiveness to TCR stimulation likely reflects the activity of Fyn. In contrast to the coordinated action of Lck and Fyn in the absence of Nef, the exclusive involvement of Fyn in PM-associated TCR signaling in Nefpositive cells likely accounts for the reduced breadth of downstream TCR signaling in the context of HIV-1 infection.
This highly coordinated and selective manipulation of TCR signal transduction provides a molecular explanation for the longstanding observation that Nef selectively sensitizes T lymphocytes for Erk signaling and IL-2 production after TCR stimulation. 25, 27, 28, 30 Erk signaling is also targeted by Nef via an independent mechanism involving the NAKC complex that elevates HIV-1 transcription and exosome release. 48 Conceivably, the induction of TGN-associated Lck-Ras-Erk signaling represents a prerequisite for these subsequent functional Nef-Erk interactions. Erk signaling thus emerges as a major target of Nef-mediated host-cell manipulation. The results presented herein identify enhanced virus replication after antigenic stimulation as one functional consequence of these Nef-induced alterations in T lymphocyte signaling. This mechanism might be relevant during the primary phase of lentiviral infection, during which antigen stimulation drives virus replication in the gut-associated lymphoid tissue and thus contributes to the Nef-mediated elevation of virus titers at that stage. In this scenario, the expression of small amounts of biologically active Nef before integration of proviral DNA into the host genome may be sufficient to exert this activity. 28 Similarly, reactivation of virus production from latently infected cells may be facilitated by Nef-mediated RE/TGN targeting of Lck. The results of the present study suggest that Lck retargeting is a cardinal function of Nef in pathogenic HIV-1 infection.
